Reducing a set of diverse bulk-optic-based optical components to a single ultrathin and compact element that enables the same complex functionality has become an emerging research area, propelling further integration and miniaturization in photonics. In this work, we establish a versatile metasurface platform based on gap-surface plasmon meta-atoms enabling efficient linear-polarization conversion along with the complete phase control over reflected fields. 
Introduction
Optical metasurfaces, planar artificial materials with subwavelength-scale thickness and unprecedented control over optical fields, have attracted progressively increasing attention and provided promising solutions for cost-effective and high-performance optics in recent years [1] [2] [3] [4] [5] .
Unlike conventional refractive optics that mold the flow of light through gradually accumulated phase variations during light propagation, metasurfaces can directly modify the boundary conditions for impinging optical waves by arranging meta-atoms with tailored optical response in a periodic or aperiodic manner. In this regard, metasurface-based optical elements have the advantages of lightweight, compactness, planar profiles and relative ease of fabrication, while meeting requirements for delivering increased performance and functionality, therefore offering great potential in the integration and miniaturization of conventional bulky optical components.
The recent development of metasurfaces has led to fascinating novel physics and numerous promising ultra-compact devices, such as beam-steering [6] [7] [8] [9] [10] [11] [12] , surface waves or waveguide couplers [13] [14] [15] [16] [17] [18] [19] , focusing lenses [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , optical holograms [31] [32] [33] [34] [35] , and polarimeters [36] [37] [38] [39] [40] .
In addition to the aforementioned metasurfaces designed for specific functionalities, multifunctional metasurfaces that efficiently integrate multiple diversified functionalities into single compact devices have become an emerging research area [41] [42] [43] [44] [45] [46] [47] [48] [49] . For instance, metasurfaces can realize polarization-selective distinct functionalities by utilizing strongly anisotropic metaatoms, with each polarization state being subjected to a different transformation [44] [45] [46] [47] [48] . Despite certain achievements, metasurfaces possessing multiple diversified functionalities still remain largely unexplored, especially in the optical range. It is highly desirable that the functionalities of several distinct optical devices, such as polarizers, wave plates, lenses, and spatial light modulators, can efficiently be combined into a single design.
In this paper, we propose a reflective metasurface platform based on gap-surface plasmon (GSP) meta-atoms, enabling efficient linear-polarization conversion along with the complete phase control over reflected fields. Multifunctional metamirrors based on GSP meta-atoms for simultaneous linear-polarization conversion and focusing are experimentally demonstrated, generating focused beams with distinct phase distributions and wavefronts in the near-infrared range, mimicking thereby the combined functionalities of conventional half-wave plates, lenses and even spatial light modulators. The fabricated metamirrors exhibit excellent capability of 3 linear-polarization conversion (> 75% on average) and focusing (absolute average efficiency > 22%) within the wavelength range of 800-950 nm under linearly-polarized excitation. In addition, this approach is further extended to realize multifocal metamirrors with distinctly engineered wavefronts focused at different locations in the same focal plane.
Results

Meta-atoms design
The overarching design principle is based on the use of meta-atoms ensuring efficient linear polarization rotation akin to half-wave plates and taking into account the fact that the phase of the cross-polarized reflected field can be changed by π radian simply by rotating the corresponding meta-atom over 90. Therefore, designing two meta-atoms that produce the crosspolarized reflected fields with the phases cr1 and cr2 being different by π/2 (elements 1 and 2 in Fig. 1a ) is sufficient to construct the four-element supercell by rotating elements 1 and 2 over 90 so as to cover the whole 2π range (Fig. 1a) , because cr3 = cr1 + π and cr4 = cr2 + π. One can also refine the phase discretization with more meta-atoms designed with complex structures, which may, in turn, complicate the fabrication.
The corresponding meta-atoms represent gold (Au) nanoantennas tilted by 45° with respect to the x-axis, separated by a silicon dioxide (SiO2) spacer layer from a continuous Au film. This configuration supports the GSP resonance formed by the near-field interaction between two metallic layers 50 . When an x-polarized (y-polarized) wave is normally impinging on the meta-atoms, induced electric-dipole oscillations along the long-and short-axis of the nanoantennas are excited, resulting in the cross-polarized scattering. The cross-polarized scattering is further enhanced by the constructive interference in the multireflection process within the GSP cavity, consequently leading to highly-efficient linear-polarization conversion [41] [42] [43] 51, 52 . Finally, by tailoring the shape and dimensions (a and b) of the topmost Au nanoantenna, we can independently control the reflection phase of the cross-polarized reflected light of each meta-atom, achieving eventually the desired phase relationship cr2 = cr1 + π/2 at the design wavelength of λ = 850 nm (Supplementary Note 1 and Fig. 1 ) and enabling the design of the four-element supercell (Fig. 1a) . The simulated cross-polarized reflectivity Rcr, orthogonal linearpolarization conversion ratio PCR, and cross-polarized reflection phase φcr of the four selected 4 meta-atoms as a function of wavelength indicate that each of the four meta-atoms functions as a reflective half-wave plate with high-efficiency within the wavelength range of 800-900 nm ( Fig.   1b and 1c) . Specifically, at the design wavelength of 850 nm, the linear-polarization conversion efficiency is over 95% with the averaged cross-polarized reflectivity of ~ 85% (Fig. 1b) . In addition, the reflection phase gradient remains linear across the investigated spectrum, ensuring that the designed phase profile is maintained (Fig. 1c) . It should be noted that the coupling between the adjacent meta-atoms are relatively weak in our design, verified by the fact that the beam-deflector composed of these meta-atoms with linear phase gradient can first convert the polarization state of the incident linearly-polarized light and then anomalously reflect the crosspolarized beam with the diffraction efficiency of more than 82%, which shows only ~ 3.5% reduction in conversion efficiency compared with the averaged cross-polarized reflectivity of the uncoupled individual meta-atoms ( Supplementary Fig. 2 ). This relatively weak coupling is ascribed to a relatively large cell period, ensuring that the near-field coupling between the designed elements (that approximately scales as the sixth power of the element separation)
remains at a low level.
The facile ability and freedom provided by the proposed meta-atoms to achieve efficient linear-polarization conversion along with the complete phase control over reflected fields allows us to implement multifunctional metamirrors. To validate the excellent performance and versatility of such platform, here we experimentally realized, for the first time, reflective multifunctional metamirrors enabling simultaneous linear-polarization conversion and focusing at the near-infrared wavelength range, which mimics the combined functionalities of bulky halfwave plates, lenses and even spatial light modulators.
Metamirror for linear-polarization conversion and focusing
Employing the proposed platform, a broadband metamirror for orthogonal linear-polarization conversion and focusing (PCFM) is first designed and demonstrated. Fig. 2a and Supplementary Besides the good focusing characteristics, this PCFM features excellent capability of orthogonal linear-polarization conversion. At the design wavelength of λ = 850 nm, the measured PCR is found to be ~ 86%. Remarkably, the good linear-polarization conversion performance is sustained over the wide spectral range of 800-950 nm, indicating the broadband response with good focusing characteristics and highly-efficient orthogonal linear-polarization conversion (Fig.   2f ). When the working wavelength moves to a short wavelength that deviates further from the designed value, for instance, λ = 775 nm, the linear-polarization conversion becomes deteriorated with the PCR of only ~ 31%, which can likely be ascribed to the large variations in crosspolarized reflection amplitudes produced by different elements constructing the metamirror.
Though the PCFM shows poor ability to convert the linear-polarization at λ = 775 nm, the 6 focusing quality remains high and the cross-polarized light still assembles a tiny focal spot ( Supplementary Fig. 6a ).
To further examine the operating performance of designed PCFM, the absolute focusing efficiency, defined as the ratio of the light intensity from the focal spot to the incident intensity, is measured and calculated at the investigated wavelength spectrum, as shown in Fig. 2g . As expected, the polarization-converted beam is dominating in the corresponding focal spots over the wavelength range from 800 to 950 nm, where an averaged focusing efficiency of ~ 22% has been achieved, consistent with the value reported for a near-infrared GSP metasurface focusing mirror 23 . The maximum focusing efficiency (~ 31%) was measured at the wavelength of λ = 875 nm, which is deviated from the designed value. Even though the measured focusing efficiency is considerably smaller than the averaged cross-polarized reflectivity of the meta-atoms (~ 85%) and the efficiency shows some fluctuations in the operating range, it is substantially larger than the upper limit of ~ 10% estimated for V-antenna metalens with polarization-conversion ability 20, 22 . We believe the aforementioned discrepancies are related to the imperfections and the surface roughness of the fabricated nanoantennas, the increased damping related to the Ti adhesion layer between the Au and SiO2 layers, and different excitation conditions in the simulation and experiment. As a final comment, it should be emphasized that the PCFM shows similar performance of linear-polarization conversion and beam focusing when the incident polarization is switched to y-polarization, in accord with the symmetry of the meta-atoms within the PCFM (Supplementary Fig. 7 ).
Metamirror for linear-polarization conversion and focused vortex-beam generation
Optical vortex-beam with phase singularity was first discovered in the 1990s, which possesses a helical phase front so that the Poynting vector within the beam is twisted with respect to the principal axis of light propagation 53 . In contrast to the spin angular momentum (SAM) that can take only two values, the orbital angular momentum (OAM) carried by the vortex-beams is unbounded since the topological charge l can take an arbitrary value within a continuous range.
Thus OAM beams are being considered as potential candidates for encoding information in quantum systems, which can greatly increase the information capacity 54, 55 . Currently, metasurfaces have been demonstrated to generate vortex-beams due to their planar configurations and compact footprints [56] [57] [58] [59] [60] [61] [62] . Here, we combined the functionalities of three distinct optical devices, a half-wave plate, a lens and a spatial light modulator, into a single design to experimentally realize a flat metamirror for orthogonal linear-polarization conversion and focused vortex-beam generation (PCVFM) under the excitation of linear-polarization ( Fig.   3a and Supplementary Fig. 8a,b) . Fig. 3b presents the SEM images of the fabricated PCVFM sample with the topological change of l = 2, displaying the 2-fold spiral pattern that is consistent with the 2-fold spiral phase distribution ( Supplementary Fig. 8c ). Similar to PCFM, all the meta-atoms constituting the PCVFM are tilted 45° with respect to the x-axis to guarantee efficient linear-to-linear polarization conversion. The reflected intensity distributions in cross-polarization at different wavelengths were measured using the same setup shown in Supplementary Fig. 4 under xpolarized illumination. As shown in the left panels of Fig. 3c -e, the intensity slices along the propagation direction reveal the evolution of the generated vortex-beam, which is slightly focused at the corresponding focal plane of each wavelength. All the intensity patterns on the x-y plane have the doughnut-shaped intensity distributions with the intensity minimum at the center, which is the main characteristic of the vortex-beams, that is, intensity singularity. In order to prove the helicity wavefront of the focused vortex-beam, we performed the interference experiment by using a homebuilt Michelson interferometer, where the generated vortex-beam and the tilted Gaussian beam are arranged in the sample and reference arms, respectively ( Supplementary Fig. 5 ). The fork dislocations are clearly observable in the interference patterns ( Fig. 3c-e) , verifying the phase singularity in a broadband spectrum. If the topological change is increased from 1 to 3, the corresponding doughnut-shaped focal spot expands and the ring radius of the vortex intensity profile becomes larger accordingly ( Supplementary Fig. 9 ). Additionally, the number of the dislocations would be equal to the increased topological changes of the focused vortex-beams.
Since the focused vortex-beam is solely assembled by the converted cross-polarized light, PCR can quantitatively gauge the conversion efficiency of the metamirror, which is defined as the ratio of the beam carrying OAM in cross-polarization to the overall reflected power 59 . As depicted in Fig. 3f , the fabricated PCVFM sample exhibit efficient (PCR > 80% on average)
focused vortex-beam generation in a wide wavelength spectrum ranging from 800 to 950 nm, superior to some reported metasurface-based OAM generators in visible and near-infrared 8 wavelengths 57, 59 . Although the PCR drops to ~ 35% at the short wavelength of λ = 775 nm, the PCVFM sustains the good performance of generating focused vortex-beam with linearpolarization conversion ( Supplementary Fig. 10 ). Subsequently, we measured the absolute focusing efficiency of the total reflected beam and the cross-polarized component (Fig. 3g) .
Predictably, the vortex-beam is predominantly focused in cross-polarization with the averaged efficiency exceeding 27%, exhibiting at least 10-fold enhancement compared with that in Vshaped antenans 57 , while the remaining co-polarized component is strongly suppressed over the wavelength range from 800 to 950 nm. At the design wavelength of λ = 850 nm, the measured focusing efficiency of the polarization-converted vortex-beam is found to be equal to ~ 26%.
Metamirror for vector-beam generation and focusing
The polarization properties of the demonstrated metamirrors can be designed on demand, beyond the aforementioned homogeneous polarization distribution after orthogonal linear-polarization conversion. In particular, vector-beams, characterized by a spatially varied distribution of polarization vector, have opened new degrees of freedom for numerous unique functionalities and potential applications in nanophotonics [63] [64] [65] . Hereafter, we implement the meta-atoms to realize a vector-beam generating and focusing metamirror (VBFM), distinct from conventional schemes requiring lenses and other bulky optical components, such as spiral light modulators 65 . Fig. 4a and Supplementary Fig. 11a ,b schematically illustrate the working principle of the VBFM, which simultaneously generates and slightly focuses radially-polarized (RP) and azimuthally-polarized (AP) vector-beams from x and y linearly polarized beams, respectively. To obtain a VBFM, the selected meta-atoms are not only arranged by undergoing a hyperbolic phase distribution ( Supplementary Fig. 11c ) but also rotated around their local positions with the angle of φ/2 -π/2, where φ = arctan(y / x) is the azimuthal angle (Supplementary Note 10 and Fig.   11d ). As such, the reflected secondary waves from the VBFM will be locally polarized and finally constructively interference at the focal plane to produce focused vector-beams.
Additionally, the reflected light can be switched between RP and AP beams by changing the polarization state of the incident light between x-polarized and y-polarized. Fig. 4b shows the SEM images of the fabricated VBFM sample with a diameter of D = 50 μm and a focal length of f = 60 μm. Here it should be noted that a high numerical aperture (NA) VBFM capable of tightly 9 focusing vector-beams can be designed accordingly, where a significantly stronger longitudinal field will be formed at the focus for focused RP beam 63 .
Subsequently, the VBFM sample was measured using the same setup in Supplementary   Fig. 4 and the measured intensity patterns of the reflected beam in the x-y plane at the design wavelength of λ = 850 nm are displayed in Fig. 4c,d , validating the polarization state of the focused beam. Under x-polarized illumination, the focused doughnut profile splits into two side lobes that are aligned along the orientation of the polarizer, manifesting excellent RP beam generation (Fig. 4c) . Once the incident light is switched to y-polarization, the split lobes remain perpendicular to the polarization axis regardless of the rotation of the polarizer, which indicates that its polarization is oriented azimuthally. The measured intensity profiles of the reflected beams in the x-z plane with a linear polarizer placed orthogonal to the incident polarization unambiguously prove the focusing ability of the VBFM and the measured focal length is close to the design value of 60 μm (Fig. 4e,f) . As expected from the design, the VBFM demonstrates good performance at other wavelengths ( Supplementary Figs. 12-15) , and the measured optical bandwidth is around ~ 18% with respect to the design wavelength, superior to the previously reported value of several percent for the dielectric metalenses involving focused vector-beam generation 44, 66 .
Regarding the VBFM, the conversion efficiency CE is critical, defined as the ratio of the pure vector-beam to the reflected power in total. The evaluated CE is found to be sufficiently high with the averaging values of ~ 78% and ~ 75% in the wavelength region of 800-950 nm and possesses a drop at λ = 775 nm for both the RP and AP beams under x-and y-polarized excitation, respectively, which is in good agreement with the PCR values of PCFM and PCVFM.
Since the generated vector-beam is non-ideal, one may notice the slight fluctuations in the intensity distributions of reflected light through the linear analyzer (Fig. 4c,d ). Owing to the unwanted co-polarized reflected beam, the intensity distribution of the generated vector-beam is not flat with respect to the different orientations of the linear polarizer in front of the camera (Supplementary Fig. 16 ). In addition to the hypothesis regarding the imperfect fabrication and uncertainties of the material properties, we believe the non-ideal conversion efficiency is related to the variations in reflectance produced by the different rotations of the corresponding metaatoms comprising the VBFM, which could result in more fabrication imperfections due to the increased proximity effect. Though the vector-beam generation is not perfect, it is still remarkable that vector-beam is generated and simultaneously focused in a broadband wavelength range of 800-950 nm, with the averaged absolute efficiencies reaching as high as ~ 35% and ~ 34%
for the RP and AP beams, respectively. Additionally, the co-polarized reflected beam is greatly suppressed. In particular, we measured ~ 34% and ~ 34 % converted focusing efficiencies for the x-and y-polarized excitation at the design wavelength of λ = 850 nm, respectively.
Discussions
In 
Methods
Simulation. All numerical simulations were performed by using the commercial software Comsol Multiphysics (ver. 5.3) based on finite element method (FEM). For the design of unit meta-atoms ( Fig. 1 and Supplementary Fig. 1 ), we modeled one unit cell by applying periodic boundary conditions on the vertical sides of the cell. The complex reflection coefficients were determined with respect to the meta-atom top surfaces with linearly polarized light being normally incident onto the metasurface. The medium above the metasurface was chosen to be air and truncated using the perfectly matched layer (PML) to minimize reflection. The permittivity of Au is described by the Drude model fitted with the experimental data 67 , where the damping constant is increased by a factor of three to take into account the additional losses caused by the surface scattering and grain boundary effects in thin films. The silicon dioxide (SiO2) spacer layer is taken as a lossless dielectric with the constant refractive index n = 1.45.
Sample Fabrication. All the metamirror samples were fabricated using thin-film deposition and standard EBL techniques. First, a 3-nm-thick Ti, a 130-nm-thick Au, and a 3-nm-thick Ti were deposited onto a silicon substrate using electron-beam evaporation. Then a 110-nm-thick SiO2 space layer was deposited via RF-sputtering. After that, the metasurface was defined using EBL 
